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 
Abstract — In this work, we report the real-time temperature 
profiling performed with a fiber Bragg grating (FBG) sensing 
system, applied to a ferromagnetic nanoparticles (NP)-
enhanced radiofrequency ablation (RFA) for interventional 
cancer care. A minimally invasive RFA setup has been 
prepared and applied ex vivo on a liver phantom; NPs (with 
concentration of 5 mg/mL) have been synthetized and injected 
within the tissue prior to perform the ablation, in order to 
facilitate the heat distribution to the peripheral sides of the 
treated tissue. Temperature detection has been realized in situ 
with a network of 15 FBG sensors in order to highlight the 
impact of the NPs on the RFA mechanism. Obtained thermal 
profiles confirm that nanoparticles injection ensures better heat 
penetration than a standard RFA achieving an almost double-
sized lesion. Thermal data are reported highlighting both 
spatial and temporal gradients, evaluating the capability of NPs 
to deliver sufficient heating to the peripheral sides of the tumor 
borders. 
I. INTRODUCTION 
Radiofrequency thermal ablation (RFA) is widely used in 
clinical practice for minimally invasive treatment of kidney 
[1], hepatic [2, 3] and other types of tumors. Compared to 
more invasive surgical procedures, RFA makes use of 
miniature percutaneously inserted devices, which is a useful 
option for patients who are non-operative candidates, or have 
unresectable tumors.  
      RFA makes use of RF irradiance to generate thermal field 
confined to the proximity of an active electrode, which is 
shaped as a minimally invasive metallic applicator [3, 4]. The 
tissue acts as a load that dissipates the electrical power on the 
active part of the electrode; the surrounding parts of the tissue 
are then progressively heated following the heat transfer 
equations. As demonstrated in works [5, 6] an exposure to 52 
C for 60 s is considered a reference to ensure cancer cells 
mortality, while 60 C is considered as the threshold for 
successful tumor necrosis in fast ablation phenomena.  
Since tumor mortality rate is associated with the 
temperature at the ablation point, accurate measurement of 
tissue temperature is a key procedure for RFA. Moreover, it 
is necessary to achieve a dense thermal profiling in situ, in 
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order to estimate the size of successfully ablated tissue. 
Current thermal monitoring techniques rely mostly on 
electrical thermocouples (TCs) [7, 8]; however, their slow 
response time and inability to provide sufficient sensing 
density limit application of thermocouples for RF thermal 
mapping. Another drawback is that thermocouples measure 
the temperature only in the region reached by RF applicator, 
rather than on the peripheral sides of the tumor. Fiber optic 
sensors based on fiber Bragg gratings (FBGs) present an 
effective alternative to perform high resolution temperature 
measurement [9]. FBG sensors are small in size, lightweight, 
biocompatible, and immune to electromagnetic field 
(including the field radiated on the RFA tip). 
An inherent limitation of RFA is the steep rise of the 
tissue impedance when the ablation temperature reaches 
~100 C. At such a temperature the electrical resistivity of the 
tissue rises fast due to vaporization of the tissue water 
constituents [10, 11]. This effect interrupts the ablation 
procedures, preventing the heat to reach the outer borders of 
tumors, hence limiting the size of ablated tissue. In order to 
contrast this limitation, Tamarov et al. reported the use of Si 
nanoparticles (NP) [12], while Gannon et al. evaluated Au 
nanoparticles to mediate the ablation process [13]. Overall, 
the use of NP introduced in situ within the tissue alters the 
electrical impedance and the heat conductivity of the tissue, 
depending on their density and position [12]. Previous studies 
[13, 14] show that NP-mediated ablation has a better capacity 
of delivering heat to the peripheral sides of the tumors. 
In this paper we propose a concept of ferromagnetic 
nanoparticles-enhanced RFA with in-situ thermal profiling. 
Magnetic nanoparticles (MNPs) for medical application are 
getting great attention of researchers. An application of 
MNPs in the RFA hyperthermia, a method in which tumor 
cells are treated with the heat generated from MNPs in a high 
frequency field is governed by Néel relaxation, Brownian 
relaxation, and a hysteresis loss mechanism [15]. 
Biocompatibility of various MNPs has been demonstrated 
both in vitro and in vivo [16-18]. 
To investigate the effectiveness of MNPs application in 
RF thermal ablation, we propose a configuration of 15 FBG 
sensors, that allows detecting the temperature in multiple 
points in real time. The results presented as thermal maps, i.e. 
temperature as a function of space and time, demonstrate real 
time temperature distribution and therefore the size of the 
ablated tissue can be estimated.  
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II. MATERIALS AND EXPERIMENTAL SETUP 
A. Thermal ablation setup 
A schematic view of the thermal ablation setup and FBG 
sensory system is plotted in Fig. 1. The RF probe is a single-
tip solid brass percutaneous device of 16 cm in length and 0.3 
cm diameter, and terminated with a conical active electrode 
(AE) with 0.5 cm length; a metallic plate positioned 
Fig. 1. Setup of the RFA thermotherapy and FBG measurement setup.  
(a) Schematic of the setup (SLED = superluminescent light emitting diode; 
DAQ = data acquisition; AE = active electrode; PE = passive electrode). (b) 
The insert shows the position of the 15 FBGs arranged in 3 arrays within 
the xy plane and relative to the RFA tip. Numbers refer to the distances in 
mm. 
 
underneath the tissue serves as a passive electrode (PE). The 
RF probe is powered by a 450-kHz generator (RFA Hybrid 
Generator, Leanfa s.r.l.). The RF power has been set to 50 W 
for all experiments. Experiments were carried ex vivo on a 
porcine liver phantom, in agreement with EU protocols [19, 
20]. A liver sample was held at room temperature (~ 20 C) 
before the start of the experiment. 
B. FBG measurement setup 
      The sensing system is realized by a network of FBGs. An 
FBG is a periodic modulation of the refractive index within 
the core of a single-mode silica optical fiber [21] which 
creates a resonant condition at the so-called Bragg 
wavelength. For an FBG having a modulation period  and 
effective refractive index neff, the Bragg wavelength B,0 in 
reference condition is given by: 
 
	
l
B ,0
=2n
eff
L                                (1) 
 
The FBG sensing mechanism is based on B shift due to 
variation of modulation period and effective refractive index. 
These variations are caused by changes in external 
parameters, like temperature and strain. Consequently, a 
temperature variation T results in a linear shift  of the 
FBG spectrum, assuming a zero contribution of strain, and 
can be detected by a suitable peak-tracking method [22]: 
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where the temperature sensitivity coefficient is kT. 
     Temperature sensing is accomplished with 15 FBGs 
inscribed in 3 ormoceramic optic fibers. Each fiber has 5 
FBGs with 5 mm length and 10 mm distance between each 
FBG center. Fig. 1(b) inset shows positioning of each FBG 
sensor on a xy plane relative to the RF applicator; x is parallel 
to the applicator; the axis origin is the RFA tip. The central 
sensors (third element of each array) are aligned with the 
probe tip (x = 0 mm), while the other sensors are located at x 
= ±10 mm and x = ±20 mm from the probe tip. The sensor 
arrays are placed at a distance of y = 0 mm, y = 5 mm and y = 
10 mm respectively from the applicator. Such configuration 
is a significant improvement compared to previous designs 
[11] as it allows the investigation of heat propagation in 
different directions and determining the size of ablated areas 
around the RFA tip.  
All FBG arrays have been inserted in the phantom by 
using a percutaneous 22-Gage catheter [19, 20] that is pulled 
back after the insertion in order to leave the fiber in situ. 
The interrogation setup is a custom-made system 
assembled into a portable case. It is based on a white light 
superluminescent LED source (SLED, Exalos EXS2100, 20 
mW emission power) controlled by a driver board, and a low-
cost infrared spectrometer as a detector (Ibsen I-MON-512-
USB, 1520-1600 nm wavelength). A network of three 50/50 
couplers has been used to route light to all sensor arrays and 
collect the backreflected spectra. This setup allows detecting 
the spectrum of the whole matrix of 15 FBGs, exploiting the 
wavelength division multiplexing [11]. All FBGs of the setup 
have different wavelength, with ~2 nm spacing between each 
adjacent wavelength: this spectral spacing is sufficient to 
avoid overlap of FBG spectra during sensing. Data 
acquisition and recording has been performed with a 
LabVIEW code that acquires the FBG spectra and estimates 
all the Bragg wavelengths; the peak tracking method is the 
spline as detailed in [22] which has a good accuracy (~1 pm) 
despite the coarse wavelength resolution and allows fast 
operation (close to 100 Hz). The thermal sensitivity of all 
ormoceramic FBGs is kT = 10.2 pm/C, calibrated as in work 
in Ref. [11] and very close to the manufacturer’s 
specifications (10.1 pm/C). 
 
C. Nanoparticle synthesis 
All chemical used are analytical grade and were 
purchased from Sigma-Aldrich. Magnetite nanoparticles 
(MNPs) of ~15 nm were synthesised by chemical 
precipitation of an aqueous solution containing Fe2+ 
(FeSO4∙7H2O, 99%) and Fe3+ (FeCl3∙6H2O, 97%) salts in the 
molar ratio Fe2+/Fe3+ = 0.5 with sodium hydroxide (NaOH, 
1.0 M). The synthesis was conducted on the 80° C hotplate. 
NaOH was added to iron solution with a fine rate of addition 
at 5 ml/min using an automatic burette. The solution was 
continuously stirred until pH reached 12. The precipitate was 
then centrifuged, washed several times with DI water and 
dried in an oven at 105°C for 8 hours.   
 
In this work we directly injected magnetic particles into 
the extracellular space of tumor [23] in order to improve 
 
  
MNPs distribution within the tumor (also in case of tumor 
with an irregular shape multiple-site injections can be 
exploited to cover the entire target region). For all ablation 
experiments, magnetite particles were dispersed in chitosan 
solution (0.5 wt%, in 1.0% acetic acid, Sigma-Aldrich) and a 
dose of 0.1 mL was injected into the phantom using a 
syringe.     
 
III. EXPERIMENTAL RESULTS 
We present results of the thermal ablation in absence of NP 
and enhanced with MNPs of 5 mg/mL concentration. The 
results of thermal profiling are illustrated, reporting the 
temperature recorded by each individual FBG, highlighting 
its xy coordinates and the 60 C damage threshold [5] and 
thermal maps presented as contour charts of the temperature 
as a function of space and time. Central position of each 
sensor in the chart is reported as (x, y). The first experiment 
has been performed in absence of nanoparticles; the 
temperature traces are shown in Fig. 2(a) in the time domain. 
The experiment duration is 154 s. As observed in [11], 
temperature rises rapidly in the inner part of the tissue 
reaching the 60 C threshold after few seconds, and reaching 
a maximum value of 157.8 C. Overall, after 100 s, 
temperature values appear to stabilize. Moving along x, only 
the FBG positioned in (-10, 0) mm reaches the damage 
threshold value, while at the peripheral side of the tissue we 
observe a heating pattern that does not reach the threshold. 
Fig. 3(a) reports the thermal maps obtained for the NP-
free experiment. This chart is effective in showing the 
propagation of heat on the ablation plane. After the initial 
rise, the temperature exhibits a fast growth near the ablation 
peak and then stabilizes. Heat is however still propagating on 
the border of the tissue, as the temperature field is still 
expanding for y = 10 mm when the procedure is 
discontinued. Overall, with this interpolation method we 
estimate that the size of tissue which reached damage 
threshold is 19 mm for y = 0 mm, 15 mm for y = 5 mm, and 
12 mm for y = 10 mm.  
Insertion of 0.1 mL of 5 mg/mL MNPs alters temperature 
profiles of RFA, which is depicted in Fig. 2(b). At first, we 
observe that the maximum heating is obtained on the FBG 
elements positioned in front of the RFA tip (x = 10 mm) 
rather than in the central position. This is due to the NP 
effect, that contribute to reduce the average electrical 
impedance of the tissue and support a heat propagation to the 
peripheral areas. The presence of NPs makes 8 FBG sensors 
out of 15 record temperature peaks higher than 60 C. 
Overall we can observe that the cytotoxicity region has 
significantly expanded with respect to Fig. 2(a). The duration 
of the experiment is 172 s and is longer than previous 
ablation; this is in part due to the effect of the ferromagnetic 
material, that by reducing the average impedance [14] during 
the most intense RFA heating prevents early disconnections 
of the RFA power, with the consequence that the heat is 
delivered to the peripheral regions in a much deeper way.  
This analysis is complemented by the thermal maps, 
shown in Fig. 3(b). Thermal fields are substantially enlarged 
with respect to Fig. 3(a), due to the beneficial effect of the 
NP. At y = 0 mm, the extent of the >60 C is approximately 
32 mm, and the same value is observed at y = 5 mm. At y = 
10 mm the tissue extent exceeding the damage threshold is 24 
mm, and overall the size of the ablated volume is 
approximately double than the previous one. We also observe 
that when the RF power is discontinued (174 s), the deeper 
part of the tissue recorded by the third FBG array has already 
started cooling, which appears to suggest that the system has 
a limitation of its effectiveness in spreading the heat. Overall, 
it is clear by the comparison of thermal maps that NP with a  
Fig. 2. Temperature recorded by each FBG for RFA experiments. The  
legend shows the (x,y) coordinate of each FBG in mm units. 
 (a) Pristine ablation. (b) Ablation after 5 mg/mL MNPs injected. 
 
Fig. 3. Thermal maps for RFA experiments (a) in absence of NP, and (b) 
with MNPs concentration of 5 mg/mL. Data report the temperature level (in 
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C) as a function of x and time for the first (left, y = 0 mm), second (center, 
y = 5 mm), and third (right, y = 10 mm) FBG arrays. 
 
density of 5 mg/mL act as an enhancement of the ablation 
effect: heat is successfully spread to the peripheral sides of 
the tissue, a condition necessary to ablate larger tumors, and 
it has been possible to obtain a lesion >3 cm in diameter even 
with a single RFA applicator with one electrode.  
IV. CONCLUSION 
A conclusion section is not required. 
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